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Abstract 
Here we describe the development of a unique multi-electrode array (MEA) system capable of supporting patterned neural 
networks in vitro. The significant features of this BioMEMS system are: (1) precise and exclusive positioning of the neural cell 
bodies to the electrode region, (2) definition of interconnecting pathways among the neurons by using patterned self-assembled 
monolayers (SAMs), and (3) one-to-one stimulation and recording from precisely positioned neurons. We present for the first 
time the design and fabrication of an MEA chip supporting patterned neuronal networks, as well as the initial electrical 
recordings from two types of neurons. 
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1. Introduction 
It is widely believed that the higher brain functions, such as knowledge learning, memory acquisition and 
retrieval, pattern and speech recognition, depend on the collective network activities of the electrically active 
neurons 1. All these activities are synchronized in space and time. Moreover, pathophysiological conditions such as 
epilepsy, Alzheimer’s disease, or other psychological mental impairments have been induced by the malfunction of 
multiple neurons simultaneously 2.  
To study the dynamics of functional neural network, it is important to measure the electrical activities of the cells 
in a cultured neural network. A multi-electrode array (MEA) system has been commonly used as a non-invasive in 
vitro recording tool to study excitable cells and tissues, such as peripheral neurons and brain tissue 3, 4. A typical 
whole MEA system includes four parts: (1) an MEA chip used as a substrate to culture neuron cells and detect their 
electrical activity (spontaneous or stimulation-induced signals), (2) an amplifier circuit to filter and amplify the 
signals detected on the MEA chip, (3) a circuit to apply either voltage or current impulses on specific electrodes to 
stimulate the neurons located on top of them and (4) software to record and analyze the acquired neural signals.  
Typical MEA chips do not have the pre-determined location for cell bodies, so that sometimes one records 
signals from more than one neuron at the same time, and it is difficult to determine the origin of the electric signals. 
Therefore, it is beneficial to have MEAs with predetermined locations of cell bodies on top of the recording 
electrodes and predetermined pathways for neurites in-between cell body locations. Other research groups have 
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 Figure 1 Fabrication process for the first generation of multi
electrode arrays (MEAs) supporting patterned neuronal
networks.
coupled cell patterning methods with existing MEA chips. There are two major groups of methods to pattern 
neurons. One is to pattern (or trap) neurons by physical methods, such as neuron cages 5 or neuron pickets 6 to trap 
neurons in pre-defined locations. Another is to pattern cells by generating chemical patterns on the top of electrode 
surface with the help of microcontact printing technique 7.  
In this paper we have developed a novel MEA system with the capability to culture neurons with predetermined 
positions of cell bodies, as well as predefined pathways for neurite growth using our newly developed cell patterning 
technique 8. It is believed that this configuration will result in more reliable MEAs with superior characteristics for 
analyzing small neural networks. 
2. Materials and Methods 
2.1. Microfabrication 
The fabrication process of the MEA chip is shown on Figure 1. 
First, gold traces (electrodes and their interconnects) are defined on 
top of a fused silica wafer using image reversal processing (steps 1 
to 6). Then a 2.2 μm thick film of photoresist (Shipley 1818, 
Shipley Company, Inc., MA) was spin-coated on a four inch fused 
silica glass wafer (Mark Optics, CA). After soft baking at 90oC for 
60 s, a contact aligner EV620 (EV Group Inc., NY) was used to 
expose the photoresist with a dose of 80.4 mJ/cm2. This step was 
followed by baking in ammonia for 90 min in an image reversal 
oven (Yield Engineering Systems, Inc, CA). Then, the whole 
substrate was flood-exposed for 60s by a contact aligner EV620 
(EV Group Inc., NY). After developing in MF321 developer 
(Shipley Company, Inc., MA) for 90s, oxygen plasma was used to 
remove the photoresist residue. Next, 10 nm of chromium was 
deposited on the surface as an adhesion layer, followed by 100 nm 
of gold and 20 nm of chromium in an E-beam evaporator. Patterns 
were formed by lift off using 1165 remover (Shipley Company, 
Inc., MA). Then, one micron of silicon oxide is deposited at 240oC 
by PECVD. The openings in the oxide were etched using dry 
etching technique by the mixture of CHF3 and O2 (96%:4%, 200W) 
for 30 min (PT72, Plasma-Therm, FL), with a 2.2 μm thick 
photoresist as a masking 
layer. Subsequently, the 
photoresist film was 
removed using 1165 
remover and chromium 
layer was etched (CR-14, 
Cyantek, CA) to expose the gold film using wet etching technique. (steps 7 
to 10). Next, the main distinguishing step with respect to more 
conventional MEAs is performed – a thin layer of Cr/Au (6nm/16nm) is 
deposited and patterned using image reversal processing mentioned above 
(step 11). The function of this layer is to facilitate the anchoring of the 
neurons to the pre-defined positions and the guidance of neurites in-
between. Then, additional 300 nm of gold film with 20 nm of chromium adhesion layer was patterned on top of the 
contact pads using image reversal processing, to facilitate the wire bonding process afterwards. Finally, a thin layer 
photoresist was coated on the glass surface to avoid scratching during the dicing process. The whole wafer was cut 
into dies, 1.5 cm by 1.5 cm, using a K&S 7100 dicing saw (Kulicke & Soffa, PA).  An optical image of the 
fabricated MEA chip center was shown in Figure 2. Gold electrodes were light gray and the dark gray area is 
exposed PECVD oxide for neural guidance.  
Figure 2 Optical image of the fabricated MEA 
chip center.  
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Figure 3 An entire MEA system with a packaged MEA chip, two PCBs, a DAQ 
card, and a LabVIEW-based program. 
2.2. Cell Patterning Using Self Assembled Monolayers (SAMs) 
Then we applied SAMs to pattern cultured neurons. The technique for patterning cultured neural network is the 
method we developed based on SAM-treated hydrophobic gold and SAM-treated hydrophilic silicon oxide. The 
SAM coating procedure is described in detail in Ref 8. This step will create hydrophilic silicon oxide regions to 
promote neuron growth and neurites guidance in-between. 
2.3. Cell Culturing and Patterning 
Immortalized mouse hypothalamic neurons (GT1-7) and primary hippocampal neurons were used to assess the 
MEA system. The culturing procedure for GT1-7 neurons and hippocampal neurons are described in details in Refs 
9, 10. Briefly, the cells were plated in the MEA chips at a density of 2x104 cells/ml and cultured at 37oC in an 
incubator with humidified 8% CO2.  
2.4. Circuit Design and Data Acquisition 
Programming 
Prior to use, the MEA chip is mounted on a 
customized printed circuit board (PCB) and 
assembled with a customized Teflon dish for cell 
culturing. Besides the packaged MEA chip, the 
system also includes two PCBs, a data 
acquisition (DAQ) card, and a LabVIEW-based 
program to automate the processing of recording 
signals and generating stimulating signals as 
shown in Figure 3. Voltage-stimulating signals 
are generated by the LabVIEW-based program 
and sent out to the stimulating PCB. At the same 
time, digital signals are generated by the program and output to the stimulating PCB for selecting specific electrode 
to stimulate. Then, the extracellular neural signals are filtered and detected by the signal-processing PCB. The 
signal-processing PCB includes a 1000X preamplifier, a 5X non-inverting amplifier and a second order low pass 
filter with a 3 dB frequency at 20 kHz. One PCB is capable of detecting extracellular neural signals from up to four 
electrodes on the MEA chip. Four identical printed circuit boards are used to process neuronal signals from all 
sixteen electrodes on the MEA chip. Finally, the measured data are recorded and memorized by the program 
automatically, and can be analyzed later, if necessary. 
3. Results and Discussion 
First, we have demonstrated our capability to pattern neural networks and investigated its limitations. 
Immortalized mouse hypothalamic neurons (GT1-7), as well as primary mouse hippocampal neurons, were 
successfully patterned on the MEA chip, as shown in Figure 4(a), (b) and (c). In Figure 4(a), we found some GT1-7 
cells (average diameter of these cells is 16 microns) could accommodate their cell bodies on the interconnecting 
pathway with the linewidth as low as 5 μm. However, a good size island for anchoring of GT1-7 cell body was 
oxide circle with the diameter of 25 μm as shown in Figure 4 (b). As for primary hippocampal neurons shown in 
Figure 4 (c), the linewidth of 5 μm interconnecting pathway is small enough to exclude cell bodies to attach, while 
still enabling dendrites to extend in the desired direction.  
Single-neuron resolution was achieved with GT1-7 neurons (cell line), as well as hippocampal neurons (primary 
culture), meaning that we were able to grow single neurons on the desired locations on our MEAs. Using our device, 
spontaneous electrical signals were detected from the unpatterned networks of GT1-7 neurons and primary mouse 
hippocampal neurons, respectively. Typical spontaneous spikes of a GT1-7 neuron and a hippocampal neuron are 
shown in Figures 5(a) and 5 (b). Experiments to detect induced electrical activity on patterned neuronal networks are 
underway.  
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 4. Conclusion 
A MEA system is designed and fabricated for detecting electrical activities of a patterned neural network. 
Besides the MEA chip capable of supporting cultured neuronal networks, this system also includes two printed 
circuit boards (PCBs), a data acquisition (DAQ) card, and a LabVIEW-based program to automate the processing of 
recording signals and generating stimulating signals. Immortalized mouse hypothalamic neurons (GT1-7) and 
primary mouse hippocampal neurons were cultured on the chip. Both of the cell types are precisely positioned on 
the electrode region and their growth is patterned. A hydrophobic SAM derived from 1-hexadecanethiol (HDT) was 
coated on the gold surface to prevent cell growth, and a hydrophilic SAM derived from (3-trimethoxysilyl propyl)-
diethylenetriamine (DETA) was coated on the exposed PECVD silicon dioxide surface to promote cell growth. 
Using our MEA system, spontaneous electrical signals were detected from the networks of GT1-7 neurons, as well 
as networks of primary mouse hippocampal neurons. 
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Figure 4 (a) Patterned immortalized mouse hypothalamic GT1-7 neurons cultured on a MEA chip. (b) SEM image of a single GT1-7 
neuron positioned on top of a single electrode (location indicated by an arrow in top right corner of (a), Directed neurite outgrowth along 
a SAM-treated cytophilic oxide line (five microns wide). (c) Patterned hippocampal neurons cultured on a MEA chip. 
Figure 5 (a) Spontaneous electrical activity of
a GT1-7 neuron. (b) Spontaneous electrical
activity of a hippocampal neuron. 
(a) (b) 
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